of cells in the Q neuroblast lineage. In this mutant, migraand a construct with a stop codon engineered in codon 5 of the C35C5.4 open reading frame failed to rescue tory cells generated by the Q neuroblasts failed to reach their normal destinations (described below). mu28 was the migration defect (data not shown). Thus, we concluded that the Rac homolog encoded by C35C5.4 was found to be an allele of the previously identified gene mig-2 by mapping and complementation experiments the mig-2 gene. The MIG-2 protein sequence predicted from genomic DNA was confirmed by isolation of a mig-2 (data not shown).
We cloned mig-2 by positional mapping and transforcDNA (see Experimental Procedures). An alignment of the MIG-2 protein sequence with mation rescue. mig-2(mu28) was located between the PCR marker stP61 and the RFLP nP8 on the X chromoother members of the Rho family is shown in Figure 1A . MIG-2 exhibits a high degree of sequence identity to some. Cosmids containing genomic DNA from this region were injected into mu28 hermaphrodites and asother Rho family members (50% to 60% overall), particularly in regions important for GTP binding and hydrolysis sayed for their ability to rescue the Q cell migration defect. Rescuing activity was found on the cosmid and in the putative effector-binding domains. MIG-2 also contains a CAAX C-terminal motif, which is necessary C35C5 (data not shown), which had previously been sequenced by the C. elegans genome-sequencing projfor isoprenylation of other Rho family members (Adamson et al., 1992) . A graphic representation of the homolect. One of the predicted open reading frames on this cosmid, C35C5.4, was homologous to the Rho family ogy between MIG-2 and other family members ( Figure  1B ) shows MIG-2 to be most closely related to Rac and member Rac, and a 12.6 kb subclone of this cosmid that contained this open reading frame exhibited full Cdc42. However, since family members within a class typically exhibit 70% to 90% sequence identity, we conrescuing activity. Both a construct containing an internal 1.3 kb deletion within the C35C5.4 open reading frame clude that MIG-2 is a novel member of the Rho family. Note that MIG-2 shares sequence identity in regions conserved across the family and diverges over amino acids 135 to 148. Ce, Caenorhabditis elegans; Dd, Dictyostelium discoideum; Dm, Drosophila melanogaster; Hs, Homo sapiens; Sc, Saccharomyces cerevisiae. (B) Alignment dendrogram generated using the CLUSTAL algorithm. MIG-2 is more closely related to Rac and Cdc42 than it is to Rho, yet it has diverged sufficiently to define a novel subclass.
(C) Sequence of MIG-2 showing functional domains (shaded) and location and sequence of mutations (asterisks). The position in MIG-2 equivalent to a loss-of-function mutation in let-60 ras (see text) is marked with a double cross. 
MIG-2::GFP Is Located in the Plasma
embryos, prior to the onset of morphogenesis ‫003ف(‬ min after first cell cleavage). At this time, expression Membrane of Many Cells We next examined the expression pattern and subcelluwas seen in nearly every cell with the exception of the intestine. At hatching, many but not all cell types exlar localization of the MIG-2 protein. To do this, we constructed a mig-2::GFP fusion by inserting the coding pressed the fusion protein. In particular, mig-2::GFP was expressed in cells that undergo long-range migration sequence of GFP (green fluorescent protein) into a genomic DNA sequence at the predicted N terminus of MIG-2 during embryogenesis, such as the neurons HSN, CAN, and ALM ( Figure 2 ). Expression was quite strong in the (see Experimental Procedures). This construct contained Ͼ5 kb of upstream sequence and 3 kb of down-Q cells and their descendants during their migrations in the first larval stage ( Figure 2B ). Expression in these stream sequence, as well as all endogenous introns. Since GFP was fused to the N terminus of MIG-2, we neurons persisted through development. Many mesodermal cells, such as the embryonic migratory cells Z1 expected that the CAAX C-terminal motif would be available for processing. This GFP fusion construct fully resand Z4 (precursors to the somatic gonad), also expressed mig-2::GFP (data not shown), although one micued the mig-2(mu28) mutant phenotype (data not shown).
gratory mesodermal cell, M, did not. Weaker mig-2::GFP expression was also seen in many nonmigratory neurons We examined hermaphrodites carrying mig-2::GFP as a stable, integrated transgenic array (see Experimental and epidermal cells; however, no expression was detected in the intestine or germ line. In older larvae and Procedures) at different developmental stages ( Figure  2 ). Expression of mig-2::GFP was first detected in early adult hermaphrodites, expression was seen in the vulva, distal tip cells of the gonad, and the sex myoblasts In the next sections we describe the phenotypes produced by these mutations. The cell migration and axon and their descendants (Figure 2 ). Similar patterns of expression were seen in two additional independently phenotypes of two of these mutants, the activated alleles mig-2(gm38 and gm103), were recently also deisolated transgenic lines.
Throughout development, the fusion protein was scribed in an independent, concurrent study (Forrester and Garriga, 1997) . clearly localized to the cell periphery (plasma membrane) in most cell types, and no asymmetric subcellular localization was reliably detected (Figure 2 ). InterActivating Mutations in mig-2 Inhibit Many estingly, some mig-2::GFP-expressing cells exhibited Cell Migrations cytoplasmic as well as membrane-localized staining.
The most obvious mutant phenotype produced by the These were the HSN neuron, the distal tip cells, the activated mig-2 alleles was a failure of many migratory gonadal anchor cell, and the granddaughters of the Q cells to complete their migrations ( Figure 3A ). Several cells (Figure 2) . neuronal cells that migrate during embryogenesis were affected (the cells ALM, CAN, and HSN), as were the coelomocytes, which are migratory mesodermal cells The mig-2 Mutations Include Activated ( Figure 3B and Table 1 ). However, the other mesodermal and Null Alleles migrations (those of Z1, Z4, M, and mu int R) appeared A total of seven mig-2 alleles have been isolated in wild-type (data not shown). Cells that migrate postseveral laboratories (see Experimental Procedures). Beembryonically were affected as well: the migrations of cause of the extensive mutational analysis of members the QL and QR neuroblasts, which take place during of the Ras superfamily, it is possible to predict how the first larval stage, were often foreshortened, as certain types of mutations might affect protein activity.
were the subsequent migrations of their descendants We sequenced the existing mig-2 mutations ( Figure 1C ).
( Figure 3B and Table 1 ). In addition, the later larvalWe found that mig-2(rh17) (Hedgecock et al., 1987) and stage migrations of the sex myoblasts were also slightly mig-2(gm103) (Forrester and Garriga, 1997) contained truncated (Table 1) . For all of the affected cells, the mutations in codon 16, which is equivalent to the transtruncation of migration was incompletely penetrant and forming mutations in codon 12 of Ras. Ras mutations final cell positions were quite variable ( Figure 3B and at this position prevent GTP hydrolysis, thus rendering Table 1 ), indicating that mutant MIG-2 proteins do not the protein constitutively active (Seeburg et al., 1984;  completely disrupt normal migration. Krengel et al., 1990; Bourne et al., 1991) .
In addition to these cell migration phenotypes, we The mutation mig-2(gm38) (Forrester and Garriga, also observed an interesting nuclear migration pheno-1997) altered a conserved alanine at position 163. This type. The ventral ectoderm of C. elegans consists of mutation falls within the predicted G5 guanine nucleotwo bilateral rows of ectodermal cells called P cells, tide-binding domain of mig-2 (Bourne et al., 1991) . Mutawhich run along the length of the animal. At hatching, tions in the equivalent alanine in Ras (A146) have been the nuclei of these cells are located laterally, but soon shown to be transforming, though by a different mechaafter hatching they migrate ventrally into the ventral nism than the G12-equivalent mutation. This mutant nerve cord (Sulston and Horvitz, 1977) . In about 15% of GTPase has a decreased affinity for guanine nucleotides animals carrying activated mig-2 alleles, these migraand releases GDP more rapidly. Thus, the fraction of tions were blocked. protein in the GTP-bound state is predicted to be higher Constitutively active alleles might be expected to be than in wild type (Feig and Cooper, 1988) . In addition, dominant or semidominant. To test this, we examined the mutation lies in a region that has been shown to be mig-2/ϩ heterozygous animals. The putative G12-like an important effector domain for Rho family members activated alleles mig-2(rh17 and gm103) had semidomi- (Diekmann et al., 1995) . nant effects on the migrations of ALM and the QR deThe remaining four alleles all contained mutations prescendants. In contrast, the A146-like allele mig-2(gm38) dicted to eliminate mig-2 activity. mig-2(mu28), which produced a semidominant ALM migration defect but a was isolated in our laboratory on the basis of its Q cell recessive QR defect (Table 1 ). All three of these alleles migration phenotype, creates a stop codon at amino were essentially recessive for the other mutant phenoacid 60 ( Figure 1C ). This mutation should yield an inactypes examined. Thus, although the activated alleles tive protein fragment. We isolated the remaining three have similar effects on cell migration (Table 1) , they mig-2 alleles as intragenic suppressors of the putabehave differently when heterozygous. tive activated alleles mig-2(rh17) or mig-2(gm38) (see Experimental Procedures). One suppressor mutation, mig-2(gm38mu133), eliminated the initiator methionine.
Activated mig-2 Alleles Perturb Axon Guidance
The most striking phenotype caused by the activating Since each of the two downstream AUG codons in the mig-2 gene is out of frame, this mutation should prevent mig-2 mutations was an effect on axon pathfinding of the hermaphrodite-specific neuron (HSN). mig-2(rh17) translation altogether. The last two mutations, mig-2 (gm38mu129) (P38L) and mig-2(rh17mu127) (S87F), are was previously reported to exhibit defects in HSN axon outgrowth (Desai et al., 1988) . To learn in more detail predicted to affect either GTP or GAP binding. A mutation in a position similar to the latter mutation in the C.
how axon behavior is affected by mig-2 mutations, we carried out an extensive analysis of the HSN axon in elegans Ras homolog let-60 (S89F; see Figure 1C ) has also been shown to produce a loss-of-function phenomig-2 mutants.
The HSN extends a process ventrally from the cell type (Beitel et al., 1990). Representative cell positions are shown for wild type (N2, top panels), the activated allele mig-2(rh17) (middle panels), and the null allele mig-2(mu28) (bottom panels). Positional values are shown relative to the axis of the worms in (A). A number of cells are affected in rh17 animals, whereas only the Q descendants AVM and SDQR and the coelomocytes (data not shown) are affected in mu28 animals (see Tables 1 and 2 ). Note that the affected cells migrate to more variable positions in the mutants than in wild type.
body (located in a ventrolateral position near the vulva) same developmental stage as wild type (see Experimental Procedures). to the ventral nerve cord and then runs anteriorly to the nerve cord. In a small percentage of activated mig-2
This wandering axon phenotype raised the possibility that small GTPases may have a role in axon guidance mutants, the HSN axon failed to grow to a normal length ( Figure 4 ). This axon truncation was similar to the defects as well as outgrowth. To learn whether the mutation acted within the HSN cell itself, we engineered an actiobserved with activated and dominant negative Dracl in Drosophila (Luo et al., 1994) . However, in many migvated (G16R) mig-2::GFP mutant gene and fused it to the egl-5 promoter, which is expressed in the HSN but 2(rh17, gm103, and gm38) mutants, HSN extended long axons (as long as wild type) that appeared to wander not in surrounding cells in the midbody region ; see Experimental Procedures and Figure 5 aimlessly on the lateral body wall. Representative animals are shown in Figure 4 . The paths of these axons legend). When we introduced this construct into wildtype animals, we found that it was expressed in HSN were highly variable and were marked by loops and turns along both the anteroposterior and dorsoventral often but not in the surrounding tissue (data not shown). When we examined the HSN axon, we found that it body axes. In some cases, these misguided axons sent a projection to the ventral cord, but in other cases they often exhibited the same misguided phenotypes seen in animals carrying the endogenous activated mig-2(rh17) did not (Figure 4 ). These aberrant processes could not be explained by changes in the position of the HSN cell mutation ( Figure 5 ). Thus, activated MIG-2 protein appeared to function cell autonomously to prevent the body, as the phenotype was observed whether or not the cell body was positioned properly (data not shown).
growing axon from responding correctly to normal guidance cues. Nor could the effect be explained by improper timing of axonal growth, as the mutant axons extended at the To learn whether other axons might exhibit a similar axon guidance phenotype in mig-2 mutants, we used most of the cells affected by the activated alleles were normal, including the migrating cells ALM, CAN, and GFP reporter constructs to visualize a number of other neuronal processes in mig-2(rh17) animals. These in-HSN (Table 2 ) and also the HSN axon (data not shown).
In contrast, cells in the Q lineage and the migratory cluded the axons of PLM, which is located in the tail, and PVM, CAN, ALM, and AVM, which are peripheral coelomocytes did exhibit a mutant phenotype ( Figure  3B and Table 2 ). The Q cell descendants AVM and SDQR neurons whose cell bodies are located laterally, like that of HSN (see Experimental Procedures). We did not obwere mispositioned toward their birthplace in about 80% of individuals, just as they were in the activated mutants serve any pathfinding defects in these axons (data not shown).
( Figure 3B and Table 2 ). These loss-of-function phenotypes were fully recessive. Together, these findings indicated that the MIG-2 protein is required for cell migration mig-2 Null Mutations Prevent the Migrations but only for a specific subset of the cells that are affected of a Small Set of Cells by the activated mig-2 alleles. Our identification of loss-of-function alleles allowed us to infer the wild-type function of the MIG-2 protein. Surprisingly, in contrast to animals carrying activated mig-2 Loss of mig-2 Activity Decreases the Rate of Cell Migration alleles, animals carrying null mutations in mig-2 appeared healthy and normal. When we examined migratCells in the Q lineage require MIG-2 protein to reach their correct destinations. How do the Q cells behave ing cells and axons in these mutants, we found that (Run et al., 1996) . Animals carrying the reduction-ofbegan to fade during L3/L4, so we visualized the axons using antifunction mutation unc-73(e936) are mildly uncoordiserotonin antibodies (see Experimental Procedures). Of those aninated and have multiple defects in cell migration mals in which the HSN cell body had migrated to its approximate wild-type position in the midbody region, 11% (n ϭ 80) exhibited a (Hedgecock et al., 1987; Desai et al., 1988) . These animals had an unexpected new phenotype: whereas neither single mutant affected the migration in the absence of mig-2? In principle, the Q descendants of the P nuclei into the ventral cord at an appreciable in mig-2 mutants might migrate to incorrect positions frequency (1/200 mig-2 and 1/60 unc-73 animals exambecause they commence migration too late, stop too ined), in 70% of the double mutants (n ϭ 50), one or early, or migrate more slowly or erratically than normal.
more of the P cell nuclei failed to migrate into the ventral To learn which was the case, we followed the migrations cord. This defect was quite specific: in spite of the block of QR and its descendants in eight mig-2(mu28) mutant in nuclear migration, the P cells went on to generate animals ( Figure 6 ). several neurons and one epidermal cell, as in wild type The QR neuroblast migrates anteriorly along the lat- (Sulston and Horvitz, 1977) . However, these desceneral body wall of newly hatched larvae, dividing several dants were located on the sides of the animal instead times to generate additional migratory cells ( Figure 6A ). of ventrally (Figure 7 ). This finding suggests that mig-2 We found that in mig-2(mu28) mutants, these cells initiplays a role in the process of nuclear migration. ated their migrations at the same time as wild type, In addition to this nuclear migration phenotype, we migrated for the normal length of time, and followed also found that many of the cell migration defects seen in their normal migration pathways (Figure 6 ). One excepunc-73 mutants were exacerbated, including migrations tion was the QR.p cell, which paused longer than normal that were not affected by mig-2 null mutations in otherbefore beginning its migration. The primary defect obwise wild-type animals (e.g., CAN and the excretory caserved was that cells in the QR lineage migrated more nal cell; data not shown). Finally, we also found that the slowly in mu28 animals than in wild type ( Figure 6B) . double mutants had morphologically abnormal, disorgaIn contrast, the timing of cell division was unaffected, nized gonads and were often sterile. We have not deterregardless of the distance traveled by the cells. Together mined the cellular basis of this defect. Together, these these findings indicate that wild-type MIG-2 protein is findings imply that these two genes may also play a specifically required for cells in the Q lineage to migrate functionally redundant role in other cell migrations as well as in the reproductive system. at their normal rates. 
Discussion
function. One of these mutations alters the only possible initiator AUG codon, and another creates an early translational stop codon. The two other mutations affect doIntroduction of activated or dominant negative Rho family GTPases has been found to alter the cytoskeleton in mains of the protein that have been shown to be essential for the functions of other Ras superfamily members. cultured cells and to inhibit cell movement and axon outgrowth in vivo. This has led to the hypothesis that All four mutations have the same effect: they inhibit the migrations of neuroblasts and neurons in the Q lineage. Rho family members regulate the cytoskeletal dynamics that drive cell movement, just as they regulate the cyIn the mutants, cells in the Q lineage migrate more slowly than normal and often fail to reach their destinations. toskeletal reorganization that polarizes the yeast cell during bud site selection and mating. In this study, we Cell division, which has been shown to require the function of certain Rho family members in other organisms have investigated the function of a new Rho family member in a multicellular organism by analyzing gain-of- (Larochelle et al., 1996) , does not appear to be affected by these mutations, since the cell divisions that occur function and null mutations in the endogenous gene. Our findings allow us to draw a number of conclusions during the migrations of cells in the Q lineage take place on schedule (see Figure 6B ). Thus, mig-2 appears to be about the function of this protein during development of the nervous system. First, they show conclusively required specifically for cell migration. It is interesting that mutations predicted to lock the that this Rho family member is required for cell migration in vivo. Second, they suggest that mig-2 is part of a MIG-2 protein into the GTP-bound state also inhibit the migration of cells in the Q lineage. This finding suggests regulatory system that contains extensive functional redundancy. Third, they raise the possibility that small that during some stage of migration, MIG-2 must be in the GDP-bound form in order for migration to proceed GTPases are part of the signal transduction pathway that couples guidance cues to axon outgrowth.
correctly. If only the GTP-bound form were required, cells carrying activating mutations would be expected to migrate normally or perhaps even to migrate too far The mig-2 Rho-Type GTPase Functions in Cell Migration anteriorly. The simplest interpretation of this finding is that the protein must cycle between the GTP-bound and Introducing altered Rho family members into normal cells can disrupt cell motility. However, in order to dem-GDP-bound forms as migration progresses. However, other interpretations are formally possible; for example, onstrate definitively that Rho proteins are required for cell migration in vivo, it is necessary to eliminate endogethe protein could be assembled into a multiprotein complex in the GDP-bound form and then switch to a GTPnous gene activity. We have isolated four mutations in mig-2 that would be expected to eliminate gene bound form that persists until migration ceases.
GDP-and GTP-bound forms. When this mutation is present in MIG-2 protein, it produces cell migration phenotypes similar but not identical to those produced by the G12-equivalent mutations (see Table 1 ). In addition, gm38 animals have a distinctive coiled appearance not seen in the G12-like mig-2 mutants. It will be interesting to learn why these different types of activated mutants produce distinguishable phenotypes.
Rho Family GTPases May Link Guidance Cues to Process Outgrowth
The most striking phenotype of the activated alleles was the wandering HSN axon. Previous studies have suggested that Rho family members are required for process outgrowth. For example, in Drosophila, both activating and dominant negative mutations in Rac block axon outgrowth (Luo et al., 1994) . In our studies with activated mig-2 alleles, we observed a very different phenotype that would not have been predicted from previous studies; namely, that activation of a Rho family GTPase can cause an axon to grow extensively but in an apparently unguided fashion. In principle, the activated MIG-2 protein could cause axon misguidance by acting within HSN itself or by acting cell extrinsically to alter the production of guidance cues. To distinguish between these possibilities, we expressed the activated MIG-2 protein under the control attractive possibility is that Rho family GTPases function within a signal transduction cascade that allows extracellular guidance cues to orient the actin cytoskeleton Activating Mutations Identified during growth cone extension, and activated MIG-2 perby Random Mutagenesis turbs the activity of these GTPases. Three of the seven mutations we analyzed were semidominant and appeared to alter but not eliminate gene activity. Given that all three of these mutations were MIG-2 Protein May Function Redundantly with Other GTPases created by random mutagenesis, which has the potential to alter any functionally important domain, it is interestActivated mig-2 mutations affect many more cells than do mig-2 null mutations. In fact, when viewed under a ing that two of them alter the well-known G12-equivalent residue that, when mutant, prevents GTP hydrolysis in dissecting microscope, animals carrying the activated mig-2 alleles are uncoordinated, egg-laying defective, Ras and other Rho family members (Bourne et al., 1991) . Analogous mutations also arose following random mutaand have withered tails, whereas mig-2 null mutants appear essentially wild type. This was surprising, since genesis of the C. elegans Ras homolog let-60 (Beitel et al., 1990) .
one might have expected a null mutation in a Rho family member to have a severe, possibly even lethal pheThe third semidominant mutation, gm38, affects a residue located in a region of the protein thought to be notype. Why is the mig-2 null phenotype so mild? It is possible important for GTP binding and possibly for effector binding. The analogous mutation has been isolated in a that the MIG-2 protein simply has no function at all in many cells. However, it is also possible that MIG-2 screen for mutant Ras proteins with altered GTP-binding properties (Feig and Cooper, 1988) . This Ras mutation functions redundantly with other Rho family GTPases in many cells. A number of additional Rho family members was found to increase the proportion of Ras proteins in the GTP-bound state but by a different biochemical have in fact been identified in C. elegans, including CeRac1, CeRac2, CeCdc42, and CeRhoA (Chen et al., mechanism, since the protein can still cycle between
The final positions of the nuclei of migratory cells were determined 1993a , 1993b Chen and Lim, 1994; , by examination of animals using Nomarski optics, using stationary though no mutations in these genes have yet been idencells as landmarks. The Q cells were scored in early L1, whereas tified. Perhaps one or more of these proteins functions their descendants, as well as ALM, CAN, and HSN, were scored in redundantly with mig-2 in some cells. Activated MIG-2 late L1/early L2 as described (Desai et al., 1988; Harris et al., 1996). might then cross-inhibit these other GTPase pathways Sex myoblast migration was scored in L3 as described (DeVore et al., 1995) . Wild-type positional values (relative to the scale used in as well as inhibiting the mig-2 pathway. weak mutations in unc-73, a putative exchange factor ALM ϭ 8, CAN ϭ 12, HSN ϭ 14, ccL ϭ 9, ccR ϭ 2, QL ϭ 17.5, for small GTPases (Run et al., 1996) . Not only were cell QR ϭ 15.5, PVM/SDQL ϭ 18, AVM/SDQR ϭ 6. Sex myoblasts were migration phenotypes exacerbated in this background, considered to be in the wild-type position when centered around the cell P6 and not extending more than 20% of the distance to the but we observed effects of mig-2 null mutations on proneighboring P cells. Cells anterior or posterior to this range were cesses other than cell migration. The most striking new considered to be in a mutant position (see DeVore et al., 1995) .
phenotype was an inhibition of nuclear migration within the ventral ectodermal P cells. These nuclear movements are only rarely affected in either single mutant Cloning of mig-2 and GFP Fusion Construction but were blocked at a high frequency in the double mig-2(mu28) was genetically mapped between egl-15 and sma-5 on the X chromosome and linked to sdc-2 (J. Austin and C. J. K., mutant. This finding implies that the mig-2 GTPase plays unpublished data). Physical mapping of mig-2 was performed as a role in the poorly understood process of P nuclear described (Ruvkun et al., 1989; Williams et al., 1992) . Recombinants migration, functioning redundantly with another GTPasewere identified among the progeny of dpy-7(e88) mig-2(mu28) dependent pathway. This is a new phenotype for a Rho unc-9(e101)X / nP8 stP61 heterozygotes. Dpy non-Unc or Unc nonfamily member.
Dpy recombinants were assayed for both mig-2 and the physical The finding that mig-2 null mutations affect nuclear markers. Of 35 recombinants, two crossovers occurred between nP8 and mig-2 and two between mig-2 and stP61. migration in an unc-73 mutant also supports our model
To assay for phenotypic rescue of mig-2, cosmids containing explaining the widespread effects of activated mig-2 C. elegans genomic DNA were obtained from Alan Coulson (MRC, alleles. Since P cell nuclear migrations are also someEngland) and microinjected into adult dpy-20(e1282)IV; mig-2 times blocked in activated mig-2 mutants, it seems likely (mu28)X hermaphrodites as described (Mello et al., 1991) . pMH86, that activated MIG-2 protein can cross-inhibit the func-gration. study.
In summary, these studies have shown that a Rho
The sequence obtained by the genomic sequencing project was family member is required for cell migration in vivo. They confirmed by isolating a mig-2 cDNA from a mixed stage cDNA also suggest that a high degree of cell-type specificity library (gift of R. Barstead and R. Waterston). A radiolabeled 2.0 kb and functional redundancy may exist within this family EcoRV fragment containing part of the putative mig-2-coding region of GTPases. We have identified extragenic suppressors was used as a probe. One clone was isolated and sequenced: the of activated mig-2 alleles (see Experimental Proce-N terminus of the cDNA contained part of the SL1 trans-spliced leader sequence (Krause and Hirsh, 1987) , consistent with a SL1 dures), and found that these second site mutations can splice acceptor site directly upstream of the predicted N terminus also act in a cell-specific fashion (unpublished data).
of mig-2.
Further analysis of mig-2 suppressor mutations may
To identify sequence changes in mig-2 mutants, high fidelity lead to the identification of additional Rho family PCR was used to amplify mig-2 sequences from genomic DNA GTPases as well as components of the biochemical prepared from wild-type and mutant strains. At least two indepenpathways in which they function. dent PCR products were sequenced for each mutant. The primer sequences used to amplify the mig-2 gene were 5Ј TACGGATCCCG CCCTCTTCTTGAGTATTTCG and 5Ј TACGAATTCGAATTTGAAGCG Experimental Procedures GCTGACTGG. GFP was obtained through PCR amplification from the vector C. elegans Genetics and Phenotypic Analysis pPD95.75 (A. Fire, S. Xu, J. Ahnn, and G. Seydoux, personal commu-C. elegans strains were maintained and genetically manipulated as nication). This GFP gene contains the fluorescence-enhancing mudescribed (Sulston and Hodgkin, 1988) . All strains were grown at tation S65C and three synthetic introns designed for optimal expres-20ЊC for analysis except those carrying transgenic arrays using sion in C. elegans. GFP was amplified using primers with synthetic pMH86 as a coinjection marker in a dpy-20(e1282)IV background SalI ends and cloned into an engineered XhoI site at the predicted (see below), which were grown at 25ЊC. mig-2(rh17) was isolated N terminus of MIG-2. The mig-2::GFP fusion construct was inteby Hedgecock et al. (1987) . gm38 and gm103 were isolated by P. grated as described (Mello et al., 1991) : dpy-20(e1282)IV; him-5 Baum, W. Forrester, and G. Garriga. The mec-7::GFP fusion was (e1490)V lines carrying mig-2::GFP plus pMH86 as a stable extraobtained from Cori Bargmann, integrated by Mary Sym in our lab, chromosomal array were gamma-irradiated for 11.5 min using a 600 and used to examine the axons of the touch neurons ALM, PLM, Ci 137 Cs source. Five hundred F2 progeny from irradiated hermaphro-AVM, and PVM, and kyIs5 (ceh-23::GFP) was kindly given to us by dites were cloned onto separate plates and screened for the abCori Bargmann and Jen Zallen and was used to examine the axon sence of Dpy progeny. The integrated line was then outcrossed to of CAN. dpy-20(e1282)IV and unc-73(e936)I were obtained from the Caenorhabditis Genetics Center.
N2 three times.
HSN Axon Analysis
mig-2 was determined by outcrosses to wild-type males in which the reappearance of the parental mig-2 phenotype in the F2 generaAnti-serotonin antibodies were purchased from Harry Steinbusch (University of Maastricht, the Netherlands). Worms were grown at tion was scored. Unlinked suppressor mutations will be described elsewhere (R. M. K. and C. J. K., unpublished data). Three suppres-25ЊC. Young adult hermaphrodites were washed in M9 buffer (Sulston and Hodgkin, 1988) and placed on ice for 20 min. Worms were sors, mu127, mu129, and mu133, were found to be linked to mig-2: Ͼ1000 F 2 animals were scored for each suppressor without reapfixed overnight at 4ЊC in 0.5 ml of 4% paraformaldehyde in 0.1 M NaPO 4, 0.1 M KPO4 (pH 7.2), washed 3ϫ with PBS, and rocked at pearance of the original mutation, indicating linkage within 0.05 map unit. Linkage was then confirmed by sequencing of genomic DNA 37ЊC overnight in 1.5 ml 5% ␤-mercaptoethanol, 1% Triton X-100, and 0.1 M Tris (pH 6.9). Worms were then washed 3ϫ in PBS and and identification of intragenic suppressor mutations. placed in 0.5 ml Eppendorf tubes to which 0.4 ml of 2000 U/ml collagenase (type IV, Sigma), 1 mM CaCl 2, and 0.1 M Tris (pH 7.5) Acknowledgments were added. Worms were rocked at 37ЊC for 1 hr until they just began to break and were immediately washed 3ϫ in PBS. Worms
We thank Judith Austin for the initial isolation and mapping of the were incubated for 1 hr at room temperature in 0.4 ml antibody mig-2(mu28) allele. We thank Paul Baum, Wayne Forrester, and Gian solution (1% BSA, 0.5% Triton X-100, 0.05% NaN 3 in 1ϫ PBS) folGarriga for the generous prepublication gift of the gm38 and gm103 lowed by incubation overnight at 20ЊC in 20 l 1% rabbit anti-serotoalleles of mig-2. We also thank Cori Bargmann, Jen Zallen, Gage nin in antibody solution. Worms were washed 3ϫ for 15 min each Crump, and Mary Sym for the gift of GFP strains, Andy Fire for the with antibody wash (0.1% BSA, 0.5% Triton X-100, 0.05% NaN 3 in gift of the GFP vector pPD95.75, and Bob Barstead for the cDNA 1ϫ PBS) and incubated 1 hr in antibody solution followed by 3 hr library. We thank Joseph Culotti for providing unc-73 data prior to in 20 l 5% goat anti-rabbit rhodamine-conjugated antisera (affinity publication. The authors are extremely grateful to Alan Coulson for purified IgG, Cappel) in antibody solution. Stained worms were cosmids and the C. elegans genome sequencing consortium for the washed 3ϫ in antibody wash and stored at 4ЊC in antibody solution.
sequence of cosmid C35C5. We thank members of the Kenyon lab Aliquots of stained worms were mounted on slides in equal volumes for discussions and critical reading of the manuscript. Some strains of 2% N-propylgallate, 20% 1ϫ TBS, and 80% glycerol for examiwere obtained from the Caenorhabditis Genetics Center, which is nation.
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